Direct In Vivo Gene Transfer Into
Porcine Myocardium Using Replication-Deficient Adenoviral Vectors Brent A. French, PhD; Wojciech Mazur, MD; Robert S. Geske, BA; Roberto Bolli, MD Background Efficient methods of introducing genes into myocardial cells must be developed before local somatic cell gene therapy can be implemented against myocardial disease. Although adenoviral (Ad5) vectors have been used to target rodent hearts and plasmid DNA has been directly injected into the myocardium of rats and dogs, the amounts of recombinant protein produced by these procedures have not been reported, and adenoviral vectors have not been used in large mammalian hearts.
Methods and Results Replication-deficient recombinant adenoviral vectors carrying either the luciferase or lacZ reporter genes were injected directly into the ventricular myocardium of adult domestic swine for evaluation of reporter gene expression. This procedure did not affect regional myocardial function as assessed by systolic wall thickening using ultrasonic crystals. Luciferase activity was detected 3 days after injection, increased markedly at 7 days, and then declined progressively at 14 and 21 days. Luciferase production was comparable in the right and left ventricular walls and increased with increasing amounts of virus, reaching 61±21 ng at the highest dose examined (3.6x 109 plaque-forming units). The injection of 200 ,ug of plasmid DNA (pRSVL) produced levels of luciferase comparable to 1.8x 108 plaque-forming units of recombinant Ad5; however, when normalized to the number of genes injected, the adenovirus was 140 000 times more efficient than plasmid DNA. ene therapy has recently emerged as a novel G T approach that may have important applications in the treatment of human disease.1,2 In the field of cardiology, much interest has focused on developing techniques to introduce recombinant genes directly into the vasculature and the heart. 3 Although several studies have demonstrated successful gene transfer into the ventricular myocardium of rats using direct injection of plasmid DNA,4-7 the number of myocytes transfected with this method appears to be too small for successful gene therapy application.7 A study by von Harsdorf et a18 demonstrated that intramyocardial injection of plasmid DNA can be applied to the intact dog, that it is suitable for studying the transcriptional regulation of cardiac-specific promoters, and that Histochemical analysis of ,¢galactosidase activity produced by a second Ad5 vector demonstrated that nearly all (>95%) of the stained cells were cardiomyocytes and that the percentage of cardiomyocytes infected by the virus could be quite high in microscopic regions adjacent to the needle track (up to 75% in fields of 60 to 70 cells); however, Ad5-infected cells were rarely observed farther than 5 mm from the injection site. Furthermore, the AdS vector induced pronounced leukocytic infiltration that was far in excess of that seen after injection of vehicle alone.
Conclusions This study demonstrates for the first time that direct intramyocardial injection of replication-deficient adenovirus can program recombinant gene expression in the cardiomyocytes of a large animal species with relevance to human physiology. The efficiency of adenovirus-mediated gene transfer is far superior to that of plasmid DNA injection, and this method appears to be capable of producing more recombinant protein. However, the cell-mediated immune response to the Ad5 vector and the limited distribution of reporter gene expression suggest that less immunogenic recombinant vectors and more homogeneous administration methods will be required before Ad5 vectors can be successfully used for phenotypic modulation. (Circulation. 1994; 90:2414 -2424 Key Words * genetics * myocardium * adenoviruses a leukocytes multiple DNA injections can be made in the same canine heart, thus increasing the yield of data from each animal. These reports4-8 provided relative measurements of the levels of recombinant gene product obtained following direct intramyocardial injection, and many of them assessed the distribution of reporter gene expression using a histochemical assay for ,3-galactosidase activity.45 However, these studies did not report the absolute amounts of reporter protein produced following the direct injection of plasmid DNA into intact myocardium. Recombinant vectors based on adenovirus serotype 5 (Ad5) represent an alternative means of introducing genes into the cardiovascular system.3 Reporter gene expression following direct introduction of plasmid DNA has been demonstrated in skeletal muscle,9 cardiac muscle,4-8 and even the vascular wall10; however, this method fails to produce significant levels of recombinant protein in most other tissues. . Male domestic swine weighing 28.5+1.6 kg were premedicated with acepromazine maleate (1 mg/kg IM) and atropine (0.02 mg/kg IM). Seven pigs were used for injection of gene transfer reagent and three pigs served as controls. Anesthesia was induced with methohexital sodium (4 to 8 mg/kg) and maintained via ventilation with 0.5% to 1.0% methoxyflurane. With sterile technique, a thoracotomy was performed in the left fifth intercostal space, the pericardium was opened, and the heart was lifted slightly with gauze to facilitate injection. A 4x4-cm rectangular grid was mapped onto the left ventricle, and injections were performed near intersecting lines to avoid epicardial vessels while maintaining a 1-cm distance between injection sites. All intramyocardial injections were 100 juL in volume and were performed with 1-mL syringes and 27-gauge needles. Injections into the left ventricular wall were made perpendicular to the surface of the heart with needles that were fitted with insertion guards to ensure a consistent injection depth of 4 mm. The thinner right ventricular wall was injected at an oblique angle and at a depth of 1 to 2 mm to prevent the needle from penetrating into the ventricular cavity. The location of each injection site was marked with a suture onto which a miniature plastic placard was secured. In three of the experimental pigs, two Doppler ultrasonic crystals28 were sutured to the epicardial surface to identify specific Ad5/RSV/ GL2 injection sites and to assess regional myocardial function as systolic thickening fraction. Two Doppler probes were sutured onto corresponding regions of the myocardium in each of three control swine that did not receive intramyocardial injections.
The histochemical studies involving the AdS vector carrying the lacZ reporter gene (AdS/HCMV/LacZ) were designed to evaluate the distribution of gene transfer that resulted from injecting high doses of virus in close proximity to one another. Accordingly, a 5-cm-long monofilament template was secured onto the epicardium of the anterolateral wall of the left ventricle parallel to the atrioventricular groove using sutures to demarcate the middle and two ends. Ten injections, each containing 1.4xl10 plaque-forming units (pfu) in a 100-,uL volume, were made at 2.5 -mm intervals along the anterior half of this linear template, while a second set of 10 injections were made at 2.5-mm intervals along the lateral half using vehicle alone (100-pgL volumes of 1 x phosphate-buffered saline
[PBS], 1% sucrose). After the direct injection of gene transfer reagent and vehicle control, a small plastic tube was placed in the thorax to evacuate air and fluid after surgery, and a Tygon catheter was introduced into the femoral artery to record arterial pressure. The incision was closed in layers, and each animal was observed carefully during recovery. Three to 21 days after surgery, the animals were anesthetized with pentobarbital sodium (35 mg/kg IV) and killed with a bolus of KCl for analysis of reporter gene activity.
Luciferase Assay
The heart of each animal was removed and placed in ice-cold PBS. The left ventricular cavity was opened, and the left ventricular wall was separated from the right ventricle, the atria, and the large vessels. Each injection site was identified by its sutured placard (or ultrasonic Doppler probe). A brass cork-borer 1 cm in diameter (Fisher Scientific Co) was then used to remove a transmural cylindrical core of myocardium whose axis was defined by the needle injection path and whose center corresponded to the labeled injection site. Pilot studies had established that nearly all of the luciferase activity was located within a radius of 3 mm from the needle track, and essentially no activity could be detected >5 mm from the needle track. Each sample was temporarily stored in ice-cold PBS until mincing for homogenization in lysis buffer (25 mmol/L Tris-phosphate, pH 7.8, 2 mmol/L dithiothreitol, 2 mmol/L EDTA, 10% glycerol, and 1% Triton X-100). Homogenates were centrifuged at 3000g for 10 minutes, and the resulting supernatants were further clarified by means of a second centrifugation at 12 000g for 5 minutes. Duplicate enzymatic assays for luciferase activity23 were performed with 20-FL samples of cleared supernatant using a Monolight 2010 luminometer (Analytical Luminescence Laboratory). A 100-pL aliquot of assay reagent [20 mmol 
/Lmol/L D-luciferin, and 530 ,umol/L ATP] was added to each 20-,uL sample, and light production over a period of 30 seconds was measured using the microprocessor-controlled photon counter. Background values from samples injected with the PBS vehicle (equivalent to background from lysis reagent) were subtracted and relative light units were converted to mass units (pg) using calibration curves generated from parallel reactions performed with certified luciferase control standard (Analytical Luminescence Laboratory). Values are reported as the total mass of active luciferase recovered from each injection site.
Histochemical Assay for f3-Galactosidase
The histochemical assays for 13-galactosidase were performed 7 days after the direct injection of Ad5/HCMV/LacZ into the left ventricle. Gross histological examination was performed after sectioning the heart transversely along the length of the linear monofilament template used for injections. A second, parallel transverse section was made basal to the first to obtain a 5-mm-thick slice that included the left ventricle as well as the septum and right ventricle. This slice was fixed at 4°C for 16 hours in a solution of 1 x PBS, 1.25% glutaraldehyde, 0.01% sodium deoxycholate, and 0.02% Nonidet P-40 before it was rinsed in PBS and stained for 3.5 hours at 24°C in a buffered solution of the X-gal chromagen [100 mmol/L sodium phosphate, pH 7.3, 1.3 mmol/L MgCl2, 3 mmol/L K3Fe(CN)6, 3 mmol/L K4Fe(CN)6, 0.01% sodium deoxycholate, 0.02% Nonidet P-40, and 1 mg/mL 5-bromo-4-chloro-3-indolyl-,3-D-galactopyranoside (X-gal)] as described by MacGregor et al. 20 Prolonged incubation (>8 hours) produced a diffuse background of dark blue that was clearly artifactual.
The myocardial tissue on the distal surface of the section made along the longitudinal line defined by the injection template was processed for histochemical and immunohistochemical analysis. Fresh samples were suspended in tissuefreezing medium and snap-frozen in a bath of isopentane cooled by liquid nitrogen. Cryostat sections (4 ,m thick) were collected on Probe-On Plus slides (Fisher Scientific Co) and fixed with 1.25% glutaraldehyde for 10 minutes at 4°C. The tissue sections were rinsed and incubated for 3.5 hours at 24°C in a buffered solution of the X-gal chromagen as described above. After color development, the sections were rinsed again in PBS and subjected to immunohistochemistry as described below or counterstained with nuclear fast red before mounting for photomicroscopy.
Immunohistochemistry
Immunohistochemistry was performed using monoclonal antibodies directed against porcine CD8 (PT36B) and CD44 (BAT31A) (kind gifts of W.C. Davis, Washington State University, Pullman, Wash). On completion of the X-gal staining procedure described above, the sections were rinsed in PBS, treated with normal horse serum, and incubated overnight at 24°C with primary antibody (1 ,tg/mL). The sections were then incubated with an alkaline phosphatase-conjugated secondary antibody raised against mouse IgG (Biogenex Laboratories). Levamisol (20 ,L/mL) was included with the secondary antibody to inhibit endogenous alkaline phosphatase activity. The chromagen, nitro-blue tetrazolium (Sigma Chemical) was deposited at antigenic sites to yield a deep purple reaction product before counterstaining with nuclear fast red. 26.5±1.4 20.2±1.9 In each of the six swine, two miniature Doppler ultrasonic crystals were sutured onto the anterior and anterolateral surfaces (site 1 and site 2, respectively) of the heart to assess regional myocardial function as systolic thickening fraction. The two sites of Doppler probe placement in each of the three experimental (Ad5-injected) hearts corresponded to sites of intramyocardial injection of Ad5/RSV/GL2 at doses of 0.7x 107 and 7.Ox 107 pfu, respectively, whereas the three control hearts did not undergo injection. Values are mean±SEM, n=3 for Ad5-injected hearts, and n=3 for control hearts.
Quantitative Image Analysis After X-gal histochemistry, slides were reviewed using computer-assisted image analysis to objectively assess the frequency and distribution of cardiac myocytes expressing f-galactosidase. A color videocamera attached to an Olympus VANOX microscope ported images to a 24-bit true color frame grabber. The captured images were then relayed to the Optimas imaging system for analysis. Microscopic magnification was set at 134x to display a total myocardial area of 0.03 mm2 on the video monitor for analysis. Briefly, the field exhibiting the greatest staining intensity was chosen using area gray scale value as the determinant. This field was designated as the origin from which four radii were examined at 450, 135° Fig 2 approaches the maximum that is possible using a cell lysate preparation; however, step and density gradient centrifugation procedures can be used to further concentrate and purify Ad5 by several orders of magnitude. To achieve higher levels of expression, a cell lysate preparation of Ad5/RSV/GL2 was subjected to two rounds of CsCl centrifugation and dialyzed against 1 concentration of 4 x 1010 pfu as determined by plaque assay. Fig 3 compares the results of direct myocardial injections using dilutions of this concentrated preparation with the highest dose of cell lysate preparation, which was presented in Fig 2. The increased input of Ad5/RSV/GL2 produced higher levels of luciferase, and the absence of a plateau in the dose-response relation suggests that the kinetics of viral infection and gene expression were not saturated even at the highest dose of recombinant AdS examined.
Distribution of Gene Expression
To determine the identity of the cells targeted by Ad5 vectors and to characterize their distribution in the myocardium, histochemical analyses were performed on tissue samples obtained 7 days after intramyocardial injection with CsCl-purified preparations of a replication-deficient Ad5 vector carrying the E. coli lacZ reporter gene (Ad5/HCMV/LacZ). The f3-galactosidase produced from this vector was detected in gross tissue and cryostat sections by histochemical staining with a chromagenic substrate (X-gal) that yields an insoluble indigo reaction product in the presence of enzyme. Fig  4B depicts a porcine heart that was sectioned transversely along a 2.5-cm line of 10 (100-,L) injections, each delivering 1.4x i0 pfu of Ad5/HCMV/LacZ. A 2.5-cm line of negative control injections consisting of vehicle alone (lx PBS, 1% sucrose) was also included in this section on the lateral wall of the left ventricle, Graham) was purified to a concentration of 1 .4x 1 010 pfu/mL and used to make 10 direct injections along the anterior wall of the left ventricle. A linear monofilament template 5 cm long was sutured onto the left ventricular epicardium in a plane parallel to the atrioventricular groove, beginning at the level of the left anterior descending artery and ending on the obtuse margin. A series of 10 injections, each containing 1 .4 x 109 pfu of reporter virus, was made along the 2.5-cm anterior half of this template at 2.5-mm intervals, while a series of 10 injections of vehicle (1 x phosphate-buffered saline [PBS]I, 1% sucrose) was made along the lateral half. Seven days after direct injection, the animal was killed, and the heart was sectioned transversely along the line defined by the injection template. B and C, Proximal surface of this incision; D through F, distal surface of the incision. A second section was made parallel and 5 mm proximal to the first to generate the slice illustrated in A through C. This slice was fixed in 1 x PBS, 1 .25% glutaraldehyde, 0.01 % sodium deoxycholate, and 0.02% Nonidet P-40 for 16 hours, rinsed in PBS, and then stained for 3.5 hours in a solution of X-gal substrate. A demonstrates that no gross evidence of p-galactosidase activity could be found on the proximal aspect of the slice (5 mm proximal to the line of injections). In contrast, B shows that considerable activity was evident along the 2.5-cm line of Ad5 injections in the anterior wall of the left ventricle (between the arrowheads at left and center). The total lack of blue staining along the 2.5-cm line of negative control injections in the lateral wall (between the arrowheads at center and right) demonstrates the specificity of the histochemical assay. Prolonged staining (>8 hours) resulted in a diffuse darkening of the entire sample, which obscured the true positive signal (not shown). As Fig  4F (80x original magnification) Fig 4 revealed that the cardiomyocytes that stained blue in the X-gal assay for 83-galactosidase activity were often associated with infiltrating populations of small, spherical cells containing prominent nuclei. Furthermore, cell-mediated cytolysis was suggested by the observation that the blue cardiomyocytes surrounded by infiltrating cells often exhibited features of cellular deterioration. To further characterize this phenomenon, cryosections that had undergone the X-gal staining procedure were additionally subjected to immunohistochemistry using monoclonal antibodies developed against porcine CD44 and CD8. An immunohistochemical technique using alkaline phosphatase as the reporter system was used to label antigenic sites with nitro-blue tetrazolium to yield a deep purple reaction product. Tissue sections in Fig 6A through 6C were stained by X-gal and the CD44 antibody, and sections in Fig 6D through 6F were stained with X-gal and the CD8 antibody. that few C08-positive T cells (labeled deep purple by nitro-blue tetrazolium) could be found at sites of vehicle injection. E (20x) shows that the population of these small, spherical cells was markedly increased when the injection delivered recombinant Ad5. The arrowhead in F (80x) indicates a representative CD8-positive T cell. Although T cells could be found near the Ad5-infected cardiomyocytes, they were less intimately associated with the degradation of these cells than the CD44-positive leukocytes (compare with C).
impact of this procedure on regional cardiac function appears to be negligible. Buttrick et a17 and von Harsdorf et a18 following the direct injection of plasmid DNA into rat and canine myocardium, respectively. The concordance of these results is consistent with the episomal location of both plasmid and adenoviral DNAs in the nuclei of transfected (or infected) cells. These extrachromosomal DNAs are subject to similar nuclear processes that might be expected to reduce the levels of recombinant gene expression at later time points. However, the immunohistochemistry presented in Fig 6 strongly suggests that an inflammatory response involving cell-mediated cytolysis may play a critical role in the decline of AdS-mediated reporter gene expression that we observed starting approximately 7 days after direct injection (Fig 1) .
The persistence of expression following direct gene transfer into the myocardium has been reported to vary considerably.5"1 Neonatal mice injected intravenously with a replication-deficient adenovirus maintained sustained levels of /3-galactosidase in many tissues (including skeletal muscle and heart) for a period of 10 months, although similar injections in adult mice resulted in a much shorter time course of reporter gene expression." A mechanism for the extinction of reporter gene expression involving cell-mediated cytolysis could explain this apparent discrepancy, since the injection of recombinant Ad5 into the immunologically naive neonatal mice probably induced a state of immune tolerance. The use of cyclosporin A or FK-506 to suppress the natural inflammatory response of adult animals to viral infection would therefore be expected to potentiate and prolong AdS -mediated gene expression following direct in vivo gene transfer. Nevertheless, it is reasonable to expect a gradual decrease in the levels of recombinant gene expression from episomal DNAs due to cellular mechanisms such as DNA methylation or nuclease action. For example, Acsadi et a15 have reported that luciferase expression resulting from direct injection of plasmid DNA into adult rat heart was reduced approximately 500-fold by 25 (Fig 4) . Thus, the ,3-galactosidase reporter gene is selectively expressed in cardiomyocytes after direct intramyocardial injection with replication-deficient AdS as has been reported after direct DNA injection.4,5 This is in contrast to the cellular distribution of reporter gene expression observed after administration of Ad5 via intravenous injection (which targets a wide range of tissues") or via transcatheter infusion to the coronary sinus (which targets both the vasculature and the myocardium19). Gross examination of ventricular slices after histochemical staining for ,B-galactosidase activity (Fig 4) revealed macroscopic evidence of recombinant gene expression. The authenticity of the positive signal was demonstrated by the total lack of staining in the lateral ventricular region injected with vehicle alone. Although the macroscopic assessment was visually impressive, microscopic examination of X-gal-stained cryosections revealed a heterogeneous distribution of infected cells in loose clusters near the injection sites. The percentage of infected cells was high (up to 75%) at the center of these microscopic clusters but decreased markedly as a function of distance as illustrated in Fig probably in response to the residual expression of viral genes by infected cells. Additional recombinant modifications to the Ad5 genome are feasible, which should minimize the inflammatory response and consequently produce higher levels of recombinant gene expression for more extended periods of time.
